Purpose -Interphase forces between the gas and liquid phases determine many phenomena in bubbly flow. For the interphase forces in a multiphase rotodynamic pump, the magnitude analysis was carried out within the framework of two-fluid model. The purpose of this paper is to clarify the relative importance of various interphase forces on the mixed transport process, and the findings herein will be a base for the future study on the mechanism of the gas blockage phenomenon, which is the most challenging issue for such pumps. Design/methodology/approach -Four types of interphase forces, i.e. drag force, lift force, virtual mass force and turbulent dispersion force (TDF) were taken into account. By comparing with the experiment in the respect of the head performance, the effectiveness of the numerical model was validated. In conditions of different inlet gas void fractions, bubble diameters and rotational speeds, the magnitude analyses were made for the interphase forces.
Introduction
As one of the two leading types of multiphase pumping equipment, rotodynamic pumps has received now a widespread acceptance because it can provide a large flow rate and it is applicable to multiphase flow containing small sand particles (Cao et al., 2005) . The big challenge of this technology is to overcome the phenomena of gas blockage and systematical instability under the conditions of high gas void fraction.
To solve this problem, people need to know the gas-liquid separation process by experimental or numerical techniques, so as to improve the hydraulic design of the pump impeller. However, due to the financial and technical limitation, experimental investigations can now be used only for the flow in non-rotating parts or some special
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Interphase force analysis working conditions (Hajem et al., 2001; Tan et al., 2012 Tan et al., , 2014 , and thus computational fluid dynamics (CFD) has become the only applicable means for the moment.
The two-fluid model is one of the basic two-phase models developed for simulating the small-length-scale bubbles, such as in bubbly or dispersed flow (Yan and Che, 2010) . Through this model, interphase momentum transfer between the two phases can be taken into account. To predict the flow pattern inside the bubble column, the Eulerian-Eulerian approach often uses the drag force as the predominant interphase force (Pourtousi et al., 2014) . Many studies have used only the drag force in order to predict hydrodynamic properties in bubbly flow (Gupta and Roy, 2013; Zhang et al., 2006; Laborde-Boutet et al., 2009; Chen et al., 2005) . In the meanwhile, some studies have used other interphase forces in the solving of the momentum equation. For example, Zhang et al. (2006) , Deen (2001) , Diaz et al. (2008) considered drag, lift and virtual mass forces (VMF) for their simulations; Tabib et al. (2008) and Deen (2001) incorporated drag, lift and turbulent dispersion forces (TDFs) into their investigations, while Bai et al. (2011) included drag, lift, added mass and wall lubrication forces.
Generally, a more inclusive interphase closure model will result in more accurate simulation. In some cases, however, the effects of some interphase forces can be neglected to save the computational cost and time (Zhang et al., 2006; Tabib et al., 2008; Deen et al., 2001; Krepper et al., 2009; Dhotre et al., 2013) . For instance, the study of Tabib et al. (2008) shown that there is no significant contribution of VMF on the simulation of local hydrodynamics of bubble column. This may be attributed to the fact that the effect of the acceleration and deceleration of the liquid is restricted to small end regions of the column. Similarly, for the gas-liquid two-phase flow in a rotodynamic pump, the interphase forces may be of unequal importance, which is depending on the flowrate, rotational speed, gas void fraction and pump structure. Therefore, magnitude analysis is needed to simplify the interphase closure model. In addition, such analysis will help us to understand the mechanism of gas-liquid separation.
In this paper, the magnitude analysis is presented for the interphase forces in a multiphase rotodynamic pump within the framework of two-fluid model. Our focus is on the magnitude variation of the drag force and non-drag forces in different working conditions. The paper is organized as follows. First, the adopted numerical strategy including the governing equations, the interphase closure model as well as the mesh and boundary conditions are presented. Then, a validation of the numerical model is carried out according to the experimental data of the head performance. Before conclusions, the magnitude variations of the interphase forces in different working conditions are discussed.
Mathematical modeling

Two-fluid formulation
In recent decades, significant developments in the two-phase flow formulation have been accomplished by introducing and improving the two-fluid model. The two-fluid model can be considered the most detailed and accurate macroscopic formulation of the thermofluid dynamics of two-phase flow (Levy et al., 2006; Yang and Zhang, 2005; Seixlack and Barbazelli, 2009; Benhmidene et al., 2011) . This model treats the general case by modeling each phase or component as a separate fluid with its own set of governing balance equations.
In the present work, the two-fluid model is used to predict the bubbly flow in a multiphase rotodynamic pump impeller. As our objective is to obtain the fundamental 2168 EC 32,7 magnitude information of the interphase forces, the simulations are carried out in a steady mode. Here, water and air are taken as the continuous phase and dispersed phase, respectively. When assuming the flow to be isothermal and ignoring interphase mass transfer, the energy equations can be skipped and no source or diffusion terms appear in the mass balances. The conservation equations for incompressible turbulent flow can be written as follows.
Continuity equation:
Momentum transfer equations:
where the subscript k is the phase indicator with k ¼ liquid for liquid phase and k ¼ gas for gas phase. α k , ρ k and w k denote the void fraction, the density and the velocity, respectively. The pressure p is shared by both fluids. M k is the total interphase force acting on phase k, f k is the mass force relevant to the rotation of the impeller, which includes the centrifugal force and the Coriolis force. τ denotes the viscous stress tensor concerning molecular viscosity as well as turbulence viscosity.
The turbulent eddy viscosity is formulated based on the SST-k-ω model. This model uses Wilcox model, i.e. the original k − ω model at the walls, and k − ε model away from walls and solves the problem with the free stream turbulence in the latter part. The use of a k − ω formulation in the inner parts of the boundary layer makes the model directly usable all the way down to the wall through the viscous sublayer. When the SST-k-ω switches to the k − ε model in the free stream, it avoids the common k − ω problem that the model is too sensitive to the inlet free stream turbulence properties (Menter, 1994) . Moreover, a blending factor ensures a smooth transition between the two models. It is generally believed that the SST-k-ω results in relatively good solutions for the flow with a large area of separation. Under this model, the turbulent viscosity is computed as follows:
where the mixed density is calculated by ρ mix ¼ α liq ρ liq + α gas ρ gas ; a 1 is a model constant and a 1 ¼ 5/9; S is an invariant measure of the strain rate and F 2 is a blending function in this turbulence model.
Interphase forces
The interphase forces, denoted by M k , is a sum of forces associated with drag, lift, virtual mass, turbulent dispersion as well as the Basset effect and the Magnus effect. The Basset term, depending on the acceleration history up to the present time, is important only in the initial phase of the acceleration (Liu, 1993) . As the focus of this study is on the interphase forces in the normal running phase of the pump, the Basset effect is neglected. The Magnus effect is caused by a pressure differential between both sides of the particle resulting from the velocity differential due to rotation. When the particle size is small or the spin velocity is low, the Magnus force is negligibly small compared to the drag force ( Johnson, 1998) . For the present study, the Magnus force is
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Interphase force analysis not considered as the rotation of the gas bubbles is assumed negligible. Therefore, the total interphase force acting between the two phases can be expressed as follows:
where the individual terms on the right hand side are, respectively, the drag force, lift force, VMF and TDF. The drag force per unit volume for spherical gas bubbles is given by:
where w R is the relative velocity between the two phases; D b is the diameter of gas bubbles and C D is the drag coefficient given by Tabib and Schwarz (2011) :
where C D1 and C D2 are the drag coefficient for the viscous regime and the distorted regime, respectively, and are expressed as follows:
The lift force, which arises from a velocity gradient of the continuous phase in the lateral direction, can be described as:
here, the lift coefficient C L equals 0.5, which is the most common value for bubbly flow (Mohajerani et al., 2012) . The third term in Equation (4) represents the VMF that comes into play when one phase is accelerating relative to the other one. In the case of gas-liquid two-phase flow, this force can be described by the following expression (Kendoush, 2005) :
here, the value of C VM ¼ 0.5 has been often used for spherical bubbles (Pourtousi et al., 2014) ; a VM is the virtual mass acceleration vector written as:
The final term in Equation (4) is the TDF, which signifies the turbulent diffusion of the dispersed phase by the eddies in the continuous phase. The turbulent dispersion model is inspired by the analogy with the thermal diffusion of the air molecules in the atmosphere (Tabib et al., 2008) :
where C TD is the coefficient of the turbulent dispersion, equals to 0.1 as suggested by Lahey et al. (1993) and Bertodano et al. (1994) . Troshko and Hassan (2001) believed that this value was selected based on the similarity of the coefficient and the eddy diffusivity constant.
Computational mesh and strategies
To avoid the gas-liquid separation more effectively, the wrap angle of the impeller blade is designed to be much larger (approximately 220 o for this pump), and the passage is much narrower in the radial direction than the usual ones. However, such design also makes the generation of high quality mesh much more difficult. To solve this problem, the hybrid mesh generated by the software ICEM_CFD 12.1 is used, i.e. the structured mesh is adopted for the inlet and outlet extended region, while the unstructured mesh for the impeller region, as shown in Figure 1 , where I, J, K are defined as the axial direction, the circumferential direction and the radial direction, respectively..
In the calculation, the commercial CFD software ANSYS_CFX 12.1 is used, coupled with the CFX expression language to implement the models of the four interphase forces as well as the pump head under two-phase condition, which will be described in the next section. The boundary conditions are set as follows: at the inlet, the axial velocity is specified according to the flow rate, and at the outlet, an averaged static pressure is given; at the wall boundaries (the pressure and suction surfaces, the hub and shroud walls), the non-slip condition of viscous fluid is used for both phases; for the three pairs of circumferential boundaries, the rotational periodic condition is imposed.
Validation of the numerical model
To assure the reliability of the interphase force analysis, the head performances are compared between the simulation and the experiment (Cao et al., 2005) . Taking into account the mass flow rate ratio of gas to the mixture, denoted by x, the head of the pump operating under gas-liquid two-phase flow condition can be obtained by: where H liq and H gas are the heads for the liquid phase and gas phase, respectively, and they are calculated through the flow rate weighted averaged method (Yu, 2005) . Then, a head coefficient ψ is defined as follows:
here, u 2 denotes the circumferential velocity at the tip of impeller in the outlet. Similarly, concerning the through flow property, a total volume flow rate coefficient φ is defined as follows:
where v m2 denotes the mean meridional velocity at the outlet of the pump impeller. The coefficient φ may be divided into two components, i.e. φ ¼ φ gas + φ liq , where φ gas and φ liq denote the gas and the liquid flow rate coefficient, respectively. Then, the inlet gas void fraction (IGVF ) can be calculated by IGVF ¼ φ gas /φ. According to the experimental data, the optimum working condition when the rotational speed n equals 1500 rpm is that φ liq ¼ 0.081 and φ ¼ 0.095; when φ liq ¼ 0.081, the head coefficient ψ is found to decrease nearly linearly with the increase of gas volume flow rate (Cao et al., 2005) . Here, this series of working conditions, listed in Table I , is selected for the validation of the numerical model.
Another important issue on the numerical model is the setting of the bubble size. According to the observation with a high speed camera for the optimum working condition, the bubble size near the outlet of the diffuser is mostly 0.4-1.0 mm when IGVF is 10 percent (Falcimaigne et al., 2002) . Due to the lack of other statistical data, the bubble diameter D b in this study is set 0.4, 0.7 and 1.0 mm, respectively. Figure 2 illustrates the head performance of the multiphase pump from the experiment and the simulation where different bubble diameters are used. For smaller values of φ (the former four cases in Table I ), the numerical predictions with D b ¼ 0.4 mm agree well with the experiment; with the increase of φ (higher IGVF ), larger bubble diameter is inclined to behave better. This is reasonable because the bubbles tend to coalesce in higher IGVF condition and become larger. For the latter two cases with IGVF ¼ 35.2 percent and IGVF ¼ 40.0 percent, the errors are large. Therefore, the bubble size should be set more accurately based on future experimental study. Moreover, the regime transition in the flow passage in high IGVF conditions may probably be a key factor affecting the precision, because the models of interphase forces listed in section 2.2 need to be corrected for non-bubbly flow. In the following analyses, we are focussed on the former five cases listed in Table I for reliability. Table I , the area average of interphase forces are extracted along the flow passage, including the drag force, lift force, VMF and TDF. Figure 3 shows the magnitude ratio of non-drag forces to drag along the flow passage in three IGVF conditions, where z/L denotes the relative axial coordinate, and two vertical lines are used to represent the impeller inlet and outlet for convenience. From Figure 3 , it can be seen that the TDF is negligible in the running of the multiphase rotodynamic pump relative to the drag, while the lift and VMF are comparable with it, and thus should not be ignored. As a whole, the magnitude ratios of lift/drag and VMF/drag will decrease along the streamwise direction, although some fluctuations occur in the vicinity of the impeller inlet and the domain inlet.
In the impeller region and the outlet extended region, the ratios of non-drag forces to drag are always substantially less than 1, regardless of the IGVF condition or the bubble size, which illustrates that the drag force is the dominant interphase force there. This can be explained through the contour distribution of gas void fraction shown in Figure 4 . Due to the effect of centrifugal force (Yu et al., 2012) , the lighter gas phase tends to accumulate near the hub when it flows into the impeller region, and obvious separation of the two phases occurs in the outlet extended region. The inhomogeneous distribution makes the relative velocity of the two phases much larger than that in the inlet extended region, as shown in Figure 5 . From Equation (5), we know that the drag will be much larger in these two regions and thus become the dominant interphase force.
In the inlet extended region, however, the lift and the VMF may be larger or smaller than the drag, depending on the IGVF condition and the axial position, as shown in Figure 3 . According to Equations (9) and (10), the lift and the VMF may be smaller in regions with lower gas void fraction. Therefore, the magnitude ratios of lift/drag and VMF/drag are smaller when IGVF is 10.0 percent or 19.8 percent than that when IGVF is 30.2 percent. With the axial position nearer to the impeller, the ratios will also decrease due to the rotation effect of the impeller described above. Also, it can be found that the VMF is larger than the lift in the whole inlet extended region. Especially, in the region near the domain inlet, the value of VMF/drag is always greater than 1, which means the VMF there plays a dominant role among all the interphase forces including the drag. Therefore, in the simulation of gas-liquid two-phase flow in a multiphase rotodynamic pump, the VMF should be paid enough attention.
The characteristics of the two-phase distribution are closely connected with the magnitude information of the interphase forces. First, the onset of gas-liquid separation occurs in the region where all the ratios of non-drag forces to drag become less than 1, which is validated in Figures 3 and 4 . To avoid this adverse phenomenon, we may improve the pump design from the point of restraining these force ratios. Second, the competition between the lift and the VMF may be a factor that leads to the radical variation of the gas void fraction in the impeller region, from which the systematical instability is originated. To get the fluctuation details of the gas void fraction and predict the separation process, transient simulation is needed, and this is our work in the next step. Figure 6 shows the magnitude variation of the interphase forces along the flow passage for different bubble sizes when IGVF equals 14.7 percent. In fact, the average bubble size in the flow passage is closely connected with the IGVF condition. As has been described in Section 3, in the condition of larger IGVF, larger bubble diameter should be set in the numerical model. Therefore, the goal in this part is to analyze the bubble size sensitivity in the numerical simulation. For the drag force, the influence of the bubble size is evident in the inlet extended region, i.e. larger bubble diameter is accompanied by smaller predicted magnitude of the drag force, while in the impeller region and the outlet extended region, the influence gets very slight. According to Equation (5), the factors that influence the drag include the drag coefficient C D , the bubble diameter D b , the gas void fraction α gas and the relative velocity w R , where C D is a function of the other three factors. If C D is constant (although usually not; Crowe et al., 2011) , the drag force will be inversely proportional with D b . Therefore, the effect of bubble size in the inlet extended region has played a dominant role.
Sensitivity analysis of the bubble diameter
For the lift force and VMF, in almost the whole flow passage, Figure 6 illustrates that the predicted values are larger if bigger bubble size is set. This may be because a bigger bubble size will lead to a higher level of gas void fraction in the flow field and thus, according to Equations (9) and (10), increase the values of the two forces. Finally, for the TDF, no distinct relation can be seen between the bubble size and the force magnitude.
Although the magnitudes of the interphase forces are different for different bubble sizes, the tendency of their variations along the streamwise direction seem not affected much by the bubble size condition. From Figure 6 , it can be seen the magnitude of interphase forces is much larger in the impeller region and the outlet extended region than that in the inlet extended region, which shows that the rotation of the impeller can greatly increase the four interphase forces. Also, Figure 6 gives a further verification for the fact that the magnitudes of the drag, the lift and the VMF are comparable, whereas the TDF is much smaller. 4.3 Sensitivity analysis of the rotational speed Similarly, the variation of the interphase forces along the streamwise direction in different rotational speeds is shown in Figure 7 , where the bubble diameter is set 0.4 mm. As a whole, all the interphase forces will be raised by the increase of the rotational speed. This can be explained from the relation between the force scale and the velocity scale. According to the similarity theory (Potter and Wiggert, 2010) , the force scale is proportional to the square of the velocity scale, which is closely associated with the rotational speed in rotating machinery. However, the actual variation of a force is also connected with many other factors, especially in multiphase flow. From the equations of the interphase forces in section 2.2, we know that the gas void fraction is an important factor. Therefore, in the impeller region, where pronounced change of gas 
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Interphase force analysis void fraction occurs (see Figure 4) , the force variations with the rotational speed are more irregular than those in the two extended regions.
Conclusions
The interphase forces have important effects on the mixed transport process in a multiphase rotodynamic pump. In this paper, the gas-liquid two-phase flow is simulated by the two-fluid formulation, and the main interphase forces are analyzed in a series of IGVFs, bubble diameters and rotational speeds. The results can be summarized as follows:
(1) For the simulation of bubbly flow in a multiphase rotodynamic pump, the bubble diameter is an important parameter and should be set according to IGVF. As the bubbles tend to coalesce in higher IGVF condition, larger bubble size should be adopted accordingly.
(2) In the running of the multiphase rotodynamic pump, the magnitude of TDF is negligible relative to the drag, while the lift and VMF are comparable with it and the ratios of the two forces to drag will decrease along the streamwise direction.
(3) In the impeller region and the outlet extended region, the drag force is the dominant interphase force due to the rotation effect; in the inlet extended region, however, the lift and the VMF may be larger or smaller than the drag, depending on the IGVF condition and the axial position.
(4) The setting of bubble diameter will influence the predicted value of the drag, the lift and the VMF. Larger bubble diameter is accompanied by smaller predicted drag, but the effect is limited in the inlet extended region; for the lift and the VMF, the predicted values are larger if bigger bubble size is set.
(5) The interphase forces will be raised with the increase of the rotational speed. In particular, due to the pronounced change of gas void fraction in the impeller region, this relationship becomes more irregular.
